Nonlinear circular dichroism is studied in a solution of ruthenium-tris͑bipyridyl͒ salt in one-beam and pump-probe experiments by tuning the laser wavelength across the circular dichroism structure. The dispersion of the nonlinear circular dichroism is measured. This wavelength dependence is well accounted for by a model calculation where nonlocality is included in the optical response of a two-coupled-oscillator system. This calculation also allows us to address the question of the contribution of electric quadrupolarization to the nonlinear optical activity of an isotropic liquid of chiral molecules.
I. INTRODUCTION
Chiral molecules that exist under two mirror-symmetrical configurations ͑enantiomers͒ are known to play an important role in biochemistry and therefore deserve a great deal of attention from physicists. Linear optical properties have been widely used, and optical activity ͑polarization rotation or circular dichroism͒ has proved to be a very sensitive probe of chirality, but the application of nonlinear optics has emerged only recently for the study of chiral molecules. Although third-order nonlinear effects were predicted more than 30 years ago ͓1,2͔, only a few nonlinear optical rotation experiments were undertaken in the last decade ͓3,4͔. In a recent paper ͓5͔, we demonstrated experimentally the existence of a nonlinear circular dichroism in a chiral rutheniumtris͑bipyridyl͒ salt by measuring the variation of the circular dichroism ͑CD͒ as a function of the light intensity and observing that this CD decreases when the light intensity increases. This effect was shown to be in accordance with a theoretical calculation ͓6͔ predicting a saturation of the CD for a molecule described by a two-or three-level system. This experiment demonstrated the relevance of third-order nonlinear optics to study chiral molecules. In particular, it opened up a large field of investigation, as the optical Kerr effect is known to be a powerful technique in time-resolved spectroscopy. Following this first experimental demonstration, we extended this work to a degenerate pump-probe configuration and observed a pump-induced circular dichroism in the same ruthenium sample ͓7͔, again in agreement with theoretical expectations. All these experiments were however based on measurements at a unique wavelength; in this paper, we examine the dependence of CD on wavelength.
In the following section, we present two sets of experiments in the ruthenium sample. In a first set, we measure the nonlinear CD induced by a unique beam as a function of the wavelength for a tuning range ͑447-483 nm͒ spanning a large part of the CD structure, whereas, in the second one, we use a pump-probe configuration with a probe tunable from 410 to 490 nm covering the whole CD spectrum. In both cases, we resolved, for the first time to the best of our knowledge, the dispersion of the nonlinear circular dichroism. In order to describe our results, we develop in Sec. III a simple model, based on two two-level systems, which accounts well for the experimental CD spectrum of our sample. By expanding the electromagnetic field in terms of molecular extension in the nonlinear response calculation, we are able to obtain in a direct manner the expressions of the nonlocal contributions responsible for the chiral effects including linear as well as nonlinear terms. A very good agreement is found between this calculation and the experimental results, showing that we have a quite good understanding of the origin of the nonlinear circular dichroism in our sample. This calculation supports the evidence that the nonlinear optical activity we observe originates mainly from a nonlinear electronic response as a result of the saturation of the absorption.
In this calculation, the introduction of nonlocality is somewhat phenomenological and does not allow us to separate magnetic dipolar contributions from electric quadrupolar ones. We address this question in Sec. IV. Separating the electric quadrupolar nonlocal terms from the magnetic dipolar ones in our calculation, we show that even though the quadrupolar effects cancel out for two-level systems as previously shown ͓6͔, this cancellation is not general and we demonstrate their existence for anharmonic oscillators. This demonstrates that, as expected from general theoretical considerations ͓2͔, electric quadrupolarization can contribute to the nonlinear optical activity of isotropic liquids.
II. EXPERIMENTAL RESULTS

A. One-beam experiment
The sample is a ruthenium͑II͒-tris͑bipyridyl͒ salt ͑RuTB͒ which exists under two enantiomeric forms, denoted ⌳ and ⌬. The molecule structure is depicted in the inset of Fig. 1 . The optical transition we are interested in is a metal-toligand charge transfer ͑MLCT͒ which gives rise to an ab-sorption band in the blue and a bisignate CD structure ͑see Fig. 1͒ . Previous experiments on this molecule ͓5,7͔ have shown that it behaves like a model molecule for which most of the third-order ͑Kerr͒ nonlinear response comes from the saturation of two-level systemlike transitions. Purely chiral effects were found in a one-color experiment where an intensity-dependent CD was observed ͓5͔. The experimental setup that we use to study wavelength effects in the chiral nonlinear response is very similar to this one-beam experiment: a photomultiplier tube ͑PMT͒ measures the transmission of a laser beam through a solution 1.5ϫ10
Ϫ3 M of RuTB in ethanol placed in a circulating cell. The polarization of the laser beam is varied from left to right circular at 80 Hz by a longitudinal Pockels cell. This modulation allows us to extract from the PMT signal the chiral response through a lock-in ͑LI͒ detection technique and to precisely measure the CD. The experiment then consists in measuring the CD as a function of the light intensity to observe purely chiral effects in the nonlinear response of the samples. The major difference compared to the former experiment is in the light source we utilize, since the former source did not allow the wavelength to be tuned across a significant part of the CD structure. The beam in the present study is derived from a sophisticated titanium-sapphire based femtosecond source from which we extract 150 fs pulses tunable around 1.1 m at 1 kHz repetition rate ͓8͔. Performing sum-frequency generation of these pulses with 800 nm pulses originating from the primary laser in a 2-mm-thick-BBO crystal ͑type I͒,w e obtain 180 fs pulses tunable from 446 to 483 nm. This tuning range allows us to span the red part of the CD spectrum. The pulse energy is in the microjoule range, low enough to restrict the nonlinear response to the third-order and to avoid thermal effects.
The following experimental procedure is repeated for all the wavelengths. After very careful alignment of the Pockels cell and of the various optical elements, we measure the PMT and the LI signals as a function of the intensity and deduce the CD ͓ϰ(LI)/(PMT)͔. This measurement is performed on the two enantiomers as well as on the racemic mixture to ensure that our setup is free of artifacts: we check that the CD's are symmetrical for the two enantiomers and null for the racemic, independent of intensity. When plotting CD vs incident intensity, we obtain straight lines from which we can extract two pieces of information ͓5͔: the value at zero intensity gives the usual CD while the slope allows the determination of the chiral nonlinear response through a coefficient K defined as follows.
Let us recall how we account for the saturation of the absorption in the moderate intensity regime we are working with: one writes the evolution of the light intensity I along the z direction as
where ␣ is the linear absorption and ␤ accounts for the nonlinear response. In the case of a saturation of the absorption, ␤ is negative. For chiral molecules, both ␣ and ␤ are expected to be different for the two handednesses of the light and we write
where the ''plus'' ͑minus͒ sign corresponds to the left ͑right͒ circular polarization for a given enantiomer. ⌬␣ is directly connected to the CD while ⌬␤ describes the chiral nonlinear response, responsible for the nonlinear circular dichroism ͑NLCD͒ already observed ͓5͔. The factor K that we determine directly from the experimental curves is defined as
Note that this parameter that gives the relative magnitude of the NLCD, is a molecular parameter independent of the sample concentration or of the light intensity. If the absorption and the CD involve the same transitions, it is also independent of such parameters as the oscillator strength or the lifetime of the excited states, but depends only on the energy level configuration ͓5͔. It is therefore more readily comparable to experiments than ⌬␤/␤ 0 which depends on a whole set of parameters.
The experimental results are plotted in Fig. 1 . First of all, we note that the CD's we measure from the signal at low intensity as a function of the wavelength match the curve obtained with a CD spectrometer as expected. Concerning the ratio K, one can see that there is a strong variation of this parameter with the wavelength, with a clear correlation with the linear CD: K is minimum when the CD is maximum. The values we measure, around 4, are in agreement with our previous one-color experiment ͓5͔.
B. Pump-probe experiment
In order to fully exploit the potentialities of the Kerr techniques, we have also developed a pump-probe experiment. In ͓7͔, we reported such an experiment in a degenerate configuration where the pump and the probe were derived from the same beam. This experiment has allowed us to demonstrate the existence of a pump-induced circular dichroism in a solution of the above-mentioned RuTB salt. Here, we extend this experiment to the case where the probe is continuously tunable whereas the pump is fixed at 465 nm ͑close to a maximum in the CD spectrum͒. To obtain the tunable probe, we pick up a part of the 800 nm pulses used in the generation of the pump beam, double its frequency and generate a white-light continuum by focusing this 400 nm beam in a sapphire plate. After filtering the 400 nm frequency, we obtain a pulse whose spectrum is almost flat from 410 to 490 nm. The pulse energy is in the nanojoule range and the time duration, measured by cross correlation with the pump in a 1-mm-thick BBO crystal, was estimated to be 400 fs. The setup is similar to the one described in ͓7͔. The important point that we recall here is that the polarization of the probe is modulated from left to right circular while the pump is kept linearly polarized. Similarly to the one-beam experiment, this polarization modulation allows us to measure the CD. The principle of the experiment is then to measure this CD as a function of the delay between the pump and the probe. The zero delay is straightforwardly determined by the time evolution of the PMT signal which displays a very clear jump when the pump and the probe overlap. The transmission change and the induced CD do not change in time on a few picosecond range ͓7͔. Introducing the nonlinear coefficient ␤ p-p similarly to Eq. ͑2.1͒, we can define the pumpinduced nonlinear absorption A as a function of the probe frequency ,
where I p is the pump intensity. The subscript p-p is intended to differentiate this coefficient from its one-beam counterpart:
In the same way, we write
for the pump-induced CD. The experimental values of the nonlinear absorption (␤ p-p ) and CD (⌬␤ p-p ) coefficients are plotted in Fig. 2 together with the linear absorption and CD recovered from these measurements. The values are given in absolute units (W Ϫ1 cm 2 ) with a precision of Ϯ30% ͑due to the uncertainty in the pump energy and in the geometrical factors͒. We did not try to obtain more accurate values since this uncertainty factors out of the ratio of the two nonlinear coefficients. Looking at Fig. 2͑a͒ , one can deduce that the absorption band is composed of two different bands and we mainly saturate the low-energy one with the 465 nm pump. This translates in Fig. 2͑b͒ by a dissymmetrical nonlinear CD spectrum, where again the induced effect is stronger on the low-energy side of the CD spectrum. Note that Fig. 2͑b͒ is, to the best of our knowledge, the first third-order nonlinear CD spectrum ever measured.
For a more quantitative comparison with theory, we introduce the ratio K p-p which we extract from our data as
It is plotted in Fig. 3 together with the result of a model calculation that we will introduce now.
III. MODEL CALCULATION A. Choice of the model
We want now to develop a model calculation so as to be able to understand the origin of the light-induced optical activity and to reproduce qualitatively our experimental results. For that purpose, it is worth examining closely the optical transition we are working with. This transition originates in a charge transfer from the metallic ion toward the ligand, and the final state is 3 MLCT ͓9͔. However, the absorption band corresponds to several close transitions. Our experimental results about the saturation of the absorption ͓Fig. 2͑a͔͒ clearly show that this band is not homogeneous: when pumping on the low-energy side of the transition, the light-induced structure is not centered on the absorption peak, but is shifted on the low-energy side as well. Examining now the origin of the CD, it appears that two transitions are involved, one polarized along the threefold axis of the molecule ͑symmetry A 2 ) and another one polarized in the perpendicular plane ͑symmetry E) ͓10͔. These two transitions are coupled with an in-ligand transition ͑taking place in the UV region͒, giving rise to two close opposite CD bands and to the bisignate spectrum displayed in Fig. 1 . One can furthermore calculate that the rotational strengths of the two contributions are equal in magnitude but opposite in sign ͓10͔.
However, a detailed description of the electronic levels involved in the absorption and CD spectra is only possible through a complete density-functional calculation ͓11͔. Extending this calculation to include excited states, saturation effects or rapid transfer from 1 MLCT to 3 MLCT ͓9͔ has never been done and would be very involved. We therefore prefer to introduce a phenomenological model to clarify the experimental results. One way to model our system would be to consider two independent transitions displaying opposite rotational strengths. However, in this description, optical activity would be introduced without any clear relationship with the spatial configuration of the molecule. In particular, implication of these geometrical effects in the nonlinear optical response would not be easy to understand. We therefore choose to describe our system with the degenerate coupled oscillators ͑Kuhn ͓12͔͒ model in which optical activity is directly deduced form the molecular configuration. In this model, the molecule is described by two identical oscillators separated by a distance d as represented in Fig. 4 . The two oscillators are chosen perpendicular, the first oscillator ͑la-beled A) parallel to the x direction and the second oscillator ͑B͒ parallel to y. The two oscillators are furthermore coupled, for example, through dipole-dipole interaction. Note that this description allows us to introduce straightforwardly such effects as the intensity dependence of the coupling parameters, opening up the modeling of light-induced conformational changes.
This model is clearly not the best one to describe quantitatively our molecule but serves as a phenomenological description to allow prediction of the form of the absorption and CD spectra. However, the phenomenological nature of this model is not expected to change dramatically the interpretation of the results since the most important point in our discussions is the frequency position of the absorption and CD structures and not the absolute magnitudes of the nonlinear effects. Indeed, we have checked that introducing ex abrupto optical activity in two independent transitions gives very similar results, but does not clarify how the optical activity enters the optical nonlinear response.
We come now to the calculation of the linear and nonlinear absorption and CD within this coupled-oscillator model.
Let us call ͉n a ͘ (͉n b ͘) the quantum state of the oscillator A(B). There are two degenerate excited states ͉1 a ͘ and ͉1 b ͘ depending on which oscillator is excited. However, these excited states are coupled and, in this basis, the Hamiltonian of the system reads
͑3.1͒
where E is the energy of each oscillator and V is the coupling energy. The Hamiltonian is not diagonal, and diagonalizing it leads to working in a new basis, obtained from the previous one by a /4 rotation ͓the new axis system being X, Y , Z ͑see Fig. 4͔͒ ͉Ϯ͘ϭ 1
ͱ2
͉͑1 a ͘Ϯ͉1 b ͘).
͑3.2͒
In this basis, the Hamiltonian is
͑3.3͒
and we deal now with two independent nondegenerate oscillators, as inferred above from our experimental results. We further suppose that each of these two transitions behaves like a two-level system. It is indeed the case for our RuTB samples for which only saturation is observed ͓13͔. In other experimental situations, there can exist an excited-state absorption which is redshifted compared to the ground-state absorption. In these cases, one has to consider the transitions as anharmonic oscillators. Such a calculation with anharmonic oscillators, although not necessary to describe our experimental system, will be addressed in our discussion on magnetic dipolar and electric quadrupolar contributions in Sec. IV. Finally, we end up with a very simple model consisting of two independent two-level systems. We are interested in calculating the energy transfer between the light and the molecules, introducing linear and third-order nonlinear response. In order to account for the optical activity, we must go be- yond the usual local approximation, which means that we cannot neglect the variation of the electromagnetic field across the molecular extension. We will now develop the calculation for such a system, starting by considering only the local response. Nonlocal response will be added later.
B. Local response
In the case of the local response, the electromagnetic field of the light is supposed constant over the molecular extension. This approximation is most often used, it amounts to considering only the effects of the electric field F. In this approximation, the polarizabilities are defined through the expression of the light-induced dipole p as In these expressions, we have introduced the relaxation rate for the population (⌫ 1 ) and for the coherences (⌫), the electric dipole moments of the transitions ( 01 ) ͑supposed equal for the two transitions͒, and we note ⍀Ϯ␦ the detuning between the photon energy and the two transitions, normalized to ⌫ ͓⍀ϭ(EϪប)/ប⌫, ␦ϭV/ប⌫͔. From these microscopic expressions, one can deduce the macroscopic susceptibilities ee and eeee by averaging the above tensors over an isotropic distribution. Both these tensors have only one independent component in that particular case. With their help, one calculates the energy transfer between the light and the molecules which scales as
͑3.7͒
Introducing the molecule density N, the linear absorption is therefore
while the nonlinear absorption is
͑3.9͒
These two expressions correspond to the expected expressions for two independent two-level systems. Note that due to the high symmetry of the tensors, these expressions are independent of the electromagnetic field polarization.
C. Nonlocal response
Let us now proceed to include the nonlocal response of the system, which is necessary to describe optical activity, or more precisely in our case, the dependence of the absorption processes with the handedness of the light polarization.
In this coupled-oscillator system, optical activity arises from the electric dipoles of the two oscillators and there is no need to introduce any magnetic dipoles. We will thus suppose that the optical transitions corresponding to the two oscillators are electric dipole allowed, but magnetic dipole forbidden.
Examining more carefully the origin of optical activity in such system, it is clear that it comes from the fact that the electric fields are not the same at a given time for the two oscillators as one must take into account the effect of the propagation. A very convenient way to translate this into equations is to consider that in the xyz frame, the electric field is
which we write
with c x ϭϪd/2,c y ϭϩd/2,c z ϭ0.
͑3.12͒
Let us consider now the linear absorption of a given molecule:
which can be shown to be ͑assuming implicit summation over repeated indices͒
͑3.14͒
Here we have neglected higher order terms in the gradient of the electric field. Considering a plane wave FϭAe Ϫik•r , we can rewrite Eq. ͑3.14͒ as
͑3.15͒
where we have introduced a nonlocal polarizability
Using Eq. ͑3.5͒ and changing the frame from XYZ to xyz, it is easy to calculate ␣ ijz eeٌ and to average it over an isotropic distribution to obtain the nonlocal susceptibility eeٌ .W e suppose now that the electromagnetic wave propagates along a given direction that we call ''3.'' The wave vector is therefore parallel to this direction while the electric field lies in the (1,2) plane. The ''nonlocal'' linear absorption of this light beam can be calculated as
from which we can obtain the expression of the CD. A left ͑L͒ or right ͑R͒ polarization being characterized by the following electric fields:
we can apply Eq. ͑3.17͒ to get the
ͬ .
͑3.19͒
It is straightforward to extend the above calculation to the third-order response and to define a nonlocal hyperpolarizability
in which case the nonlinear absorption of a given molecule is
͑3.21͒
It is important to notice that in this description, we do not separate the magnetic dipolar and the electric quadrupolar contributions. Both are a priori mixed in the nonlocal hyperpolarizability, causing there to be no particular symmetry rule concerning the tensor components. We will come back to this problem in Sec. IV, where a comparison between this two-level description with a three-level one will prove to be instructive about the existence of electric quadrupolarization effects in the third-order nonlinear response of chiral liquids.
An analogous treatment of the determination of linear CD allows us to obtain the expression of the nonlinear CD as
͑3.22͒
Looking at the above equations, it is easy to understand the underlying physics. In case of the usual ͑i.e., local͒ response, the linear and nonlinear absorptions of the two oscillators are independent of the handedness of light and add constructively whereas the nonlocal responses, very sensitive to the handedness of light, are opposite for the two oscillators and must be substracted. This gives the well-known dispersive shape of CD curves ͑cf. Fig. 1͒ , and from Eq. ͑3.22͒, the same is true of the nonlinear CD curves.
From the above expressions, it is possible to express the parameter K that we defined previously
͑3.23͒
A plot of K as a function of the normalized detuning is shown in Fig. 5͑a͒ for ␦ϭ1.2. Changing the value of ␦ does not change the overall shape of the curve but only changes the value of the minimum, which can be calculated as K ␦ ϭ4(␦ 2 ϩ1)/(2␦ 2 ϩ1) ͓Fig. 5͑b͔͒. The shape of the curve can be understood as follows. A factor 2 in K can be traced back to the expressions of the nonlocal polarizabilities: 2 c i 's are present in the linear term ͓Eq. ͑3.16͔͒ while 4 c i 's are involved in the nonlinear one ͓Eq. ͑3.20͔͒. It is a result of the numbering of the gradient terms involved in the process. The other factor 2 in K ͑at ⍀ϭ0) comes from the partial cancellation in the CD bands which are not the same for the linear and the nonlinear terms. However, when ⍀ gets closer to ␦, i.e., when one gets closer to resonance with one of the two transitions, the relative weights of the two transitions change and so do the interference effects. Note that if a unique transition was considered, one would obtain a value of 2 for K.
From this discussion, it is clear that the shape of the curve K(⍀) is very sensitive to the configuration of the transitions involved in the process. Let us now compare these calculations with the experimental results of Sec. II. First of all, we see that the overall agreement is quite good. The experimen- tal and model values of K are of the same order and the tendency of the experimental curve ͑Fig. 1͒ mimics the theoretical one ͓Fig. 5͑a͔͒. We can be more quantitative. In order to estimate the parameter ␦, we remark that the experimental ratio between the maximum and the minimum values of K is around 0.63, as determined from the theory for ␦ ϭ1.2 ͓cf. Fig. 5͑b͔͒ . We have, therefore, chosen this value to fit our data. Results of the fits are displayed in Fig. 6 , where we have plotted the parameter K. The solid lines correspond to the calculations and the dots to the experimental data, the agreement is quite good. In particular, the shapes of the curves are very well reproduced. This indicates that our system cannot be represented by a unique two-level system but, as far as optical activity is concerned, necessitates at least two two-level systems. This simple description provides a good explanation for the processes involved in the linear and nonlinear optical activity of these molecules. The only discrepancy is between the absolute values of K which are larger experimentally than theoretically by a factor of 1.5. This likely comes from the fact that the metal-to-ligand charge-transfer transition in RuTB involves, in reality, more than two transitions ͓11͔ and that a model with more than one pair of two-level systems would likely be more appropriate. Nevertheless, the shape of the CD and K curves is mainly determined by the existence of such pairs.
D. Pump-probe configuration
It is straightforward to extend the above calculation to the pump-probe experiments. The main difference is in the hyperpolarizability expressions. For a pump linearly polarized along X, the relevant components are
͑3.24͒
where we have introduced the detuning for the pump photons. The nonlinear absorption and CD now read
From these expressions, for comparison to the experimental results, we obtain the coefficient K p-p as a function of the probe frequency for a fixed pump frequency. In Fig. 3 , we have plotted the results for the same parameters as Fig. 6 (␦ϭ1.2) together with the experimental data. ⍀ pump is chosen equal to 0.5␦. Here again, the agreement is quite good, except for an overall factor of 1.5. Note that this factor is the same as utilized in Fig. 6 . This confirms that the lightinduced CD's in the one-or two-beam experiments originate from the same mechanisms, well accounted for by our two two-level system model.
IV. MAGNETIC DIPOLAR VS ELECTRIC QUADRUPOLAR CONTRIBUTIONS
Our calculations allow us to clarify somewhat the role of magnetic dipolar and electric quadrupolar contributions in the third-order nonlinear response of an isotropic liquid of chiral molecules. Indeed, the nonlocal contributions introduced above may be separated in these two contributions from a formal point of view. On the other hand, it is well known that electric quadrupolar effects cancel out when isotropically averaged for linear optics. What about these contributions in the third-order nonlinear response? Very general arguments indicate that such quadrupole contributions should exist in nonlinear optics ͓2͔. We will now address this question in view of our models.
First of all, we rewrite Eq. ͑3.21͒ as
so as to keep track of which gradient out of the four possible ones comes into play in the absorption process. Comparison with Eqs. ͑3.20͒ and ͑3.21͒ shows for example, that
͑4.2͒
Similar relations exist for the other coefficients. From these expressions, it is straightforward to introduce the elec- FIG. 6 . Fitting of the experimental data displayed in Fig. 1 (m obeying the relation zlm ϭ1 with : Levi-Civita tensor͒. Note that the ␥ ijkzl eeeQ is symmetrical with respect to the interchange of the last two indices. Here again, one obtains similar relations for the other hyperpolarizabilities. From these microscopic quantities, one can obtain the isotropically averaged susceptibilities eeeQ and eeem and access the relative contributions of the electric quadrupolarization and of the magnetic polarization in the third-order nonlinear response.
Performing this calculation for our previous model ͑two-coupled two-level systems͒, one determines that eeeQ ϭ0 whereas eeem 0, which means that there is no quadrupolar contribution present. This is, however, not a general rule, but a particular feature of two-level systems. We had already demonstrated this point from a general quantum point of view in ͓6͔.
In order to verify that indeed quadrupolar effects can contribute to the third-order nonlinear response, even though these do not in linear optics, we now consider another model. We suppose that the two coupled oscillators of our model do not behave as two two-level systems, but as two anharmonic oscillators. This changes the expression of the local hyperpolarizability tensor which has now eight nonzero components instead of two and which read, if we suppose that the energy difference between the first and the second excited states is close to that between the first excited state and the ground state:
From these expressions, it is straightforward to carry out the calculation of the nonlocal hyperpolarizabilities and to deduce the electric quadrupolar and magnetic dipolar nonlinear susceptibilities. Carrying out all the above calculations, we determine that the results of Sec. III do not change qualitatively. However, the important point for our present discussion is that we calculate that eeeQ as well as eeem are both nonzero and have the same order of magnitude. This demonstrates that one cannot, in general, neglect the quadrupolarization contributions in the third-order nonlinear response.
This feature is an illustration of the potential of nonlinear optics to investigate more thoroughly molecular properties. For example, one can consider molecules which do not have any magnetic-dipole-allowed transitions but possess electricquadrupole-allowed ones. As is well known, these molecules will not display any optical activity once istotropically dispersed in a solvent. However, nonlinear optical activity is allowed and it is quite possible that these molecules show a light-induced circular dichroism.
V. CONCLUSION
This paper is devoted to a close examination of the wavelength dependence of the nonlinear circular dichroism in a chiral salt of RuTB. A one-beam experiment using a tunable laser source is used to measure the dispersion of the NLCD which displays a strong variation across the linear CD structure. On the other hand, a pump-probe experiment with a tunable probe allows us to determine the nonlinear CD spectrum. These features are then theoretically interpreted through the development of a calculation based on a twocoupled two-level system model which reproduces satisfactorily the experimental data when the nonlocality of the light-matter interaction is considered. All the third-order nonlinear effects derive from a saturation of the two optical transitions, the effects of which add constructively for the usual absorption effects while they interfere destructively as far as ͑linear or nonlinear͒ optical activity is concerned. Our calculation also allows us to address the question of the contribution of electric quadrupolarization to the nonlinear response of isotropic liquids of chiral molecules. Studying the nonlocal response for a two-anharmonic-oscillator system, we isolate such contributions, as expected from general arguments ͓2͔.
These experiments open up more techniques for the investigation of ultrafast conformational changes in molecules. Indeed, it is clear from the coupled-oscillator model that the CD is very sensitive to geometrical parameters such as the distance between the oscillators or their relative orientation. The time-resolved CD signal that can be measured in a pump-probe experiment on varying the time delay between the two beams will therefore be very sensitive to lightinduced changes in these parameters. This technique should allow such changes to be followed in real time. It is however important to keep in mind that purely electronic effects can induce a nonlinear circular dichroism, independent of the conformational changes under study. These effects are clearly seen in this paper dealing with a ruthenium salt that does not undergo any noticeable conformational change but nevertheless displays a large nonlinear CD. The correct agreement between our calculations and our experiments clearly shows that the electronic nonlinear optical activity is well understood and can be quantified through the measurement of the nonlinear absorption, making it easier to sort out the electronic and the conformational contributions to the time-resolved CD. These experiments should provide very sensitive techniques for the study of time-resolved conformational changes in chiral molecules.
